We investigated the bacterial composition of water samples from two service areas within a drinking water distribution system (DWDS), each associated with a different primary source of water (groundwater, GW; surface water, SW) and different treatment process. Community analysis based on 16S rRNA gene clone libraries indicated that Actinobacteria (Mycobacterium spp.) and α-Proteobacteria represented nearly 43 and 38% of the total sequences, respectively. Sequences closely related to Legionella, Pseudomonas, and Vibrio spp. were also identified. In spite of the high number of sequences (71%) shared in both areas, multivariable analysis revealed significant differences between the GW and SW areas. While the dominant phylotypes where not significantly contributing in the ordination of samples, the populations associated with the core of phylotypes (1-10% in each sample) significantly contributed to the differences between both service areas.
characterization of DWDS microbial community structure using molecular tools is critical to address public health research questions (e.g., conditions promoting the emergence of pathogens), which may be more difficult to answer using traditional methods.
This study reports on the characterization of the bulk phase water microbial community, based on molecular analyses of 16S rRNA gene sequences, from multiple sampling sites within the Greater Cincinnati Water Works (GCWW) distribution system. The GCWW service area is divided in two main service areas (Figure 1 ), each associated with their respective source of water (i.e., groundwater, GW and surface water, SW) and treatment facility ( Figure 2 ).
Since water treatment processes (e.g., filtration) play an important role in shaping the bacterial community in the distribution system (Pinto et al. ) , we hypothesize that the bulk water at each service area will harbor distinct and diverse bacterial communities as well as unique water chemical properties. This study provides much needed information regarding bacterial community diversity influenced by different raw water sources and different water treatment technologies. It also provides a window into the bacterial diversity at different points within the distribution systems.
MATERIALS AND METHODS

Study sites and sample collection
The GCWW distribution system obtains raw water from the Water samples (n ¼ 30) were obtained directly from faucet heads located in 19 field sites and two houses within the DWDS of the Cincinnati metropolitan area (Figure 1 ). Several sites were collected more than once to determine how variable community composition could be over time at the same location. Water quality data, including total and free chlorine residual, pH, and temperature, were obtained for each sampling site (Table 1) Chimeric sequences were identified using UCHIME (Edgar et al. ) and removed from further analyses.
Sequences were deposited in GenBank with the following accession numbers: JX284426 to JX286453.
Phylogenetic analysis and taxonomic classification
Prior to analysis, clone libraries were normalized by randomization to the smallest dataset (i.e., 71 clones). 
Bacterial community diversity
Libraries of randomly selected clones were used to calculate the rarefaction and phylogenetic diversity (PD) curves, the species richness (S), species richness estimates ACE (S ACE ) and ChaoI, and the diversity and evenness indices of Shan- 
Statistical analysis of bacterial assemblages
Non-metric multidimensional scaling (nMDS) analysis based on the Bray-Curtis similarity coefficient of the transformed data (log[x þ 1]) was used to describe the relationships among bulk water communities based on the relative distribution of OTU groups. The robustness of the nMDS ordination was evaluated using the Shepard diagram (i.e., stress test), which measures the goodness of fit of an nMDS plot, for example, <0.1 indicates a good fitting solution (Wickelmaier ). nMDS ordination plot was generated using the software PAST v2.14 (Hammer et al.
).
A one-way analysis of similarities (ANOSIM) was used to identify with significance determination (p < 0.05) differences in the structure of community assemblages between GW and SW samples. R values near 0 indicate no difference between groups, whereas those greater than 0 indicate dissimilarities between groups (Clarke ). Similarity percentage (SIMPER) analysis was used to determine which species were most responsible for the differences observed between the two distribution areas (Clarke ).
Ordination and SIMPER analyses were performed with the software PRIMER 6 (PRIMER-E Ltd, Plymouth, UK).
The phylogenetic community structure of bulk water was compared using the net relatedness index (NRI), which calculated the mean pairwise phylogenetic distance 
RESULTS AND DISCUSSION
Water chemistry
The water chemistry analysis indicated that the GW samples were significantly more alkaline and contained higher levels of total and free chlorine residual than the SW samples (t-test, p < 0.05) ( Table 1) OTUs (8% of the total diversity) were shared by both service areas and these represented 71% of the sequences obtained in this study (Figure 3(b) ). The majority of the shared OTUs (26 of 27) represents the dominant population in both samples and were identified as either members of the phylum Actinobacteria or Proteobacteria (Table 3) .
Based on the richness estimator values (S ACE and ChaoI), a more exhaustive sampling would be necessary to obtain complete coverage of the bacterial composition in the DWDS ( Table 2 ). The Shannon-Wiener (H) and inverse Simpson's (1/D) indices showed a higher diversity for the SW samples (Table 2 ). In addition, rarefaction curves did not level off, suggesting that further sampling would have revealed more bacterial phylotypes. The use of next generation sequencing methods will be useful at elucidating the identity of the less dominant populations, Richness is the total number of species in the community (i.e., the total number of independent sequences within the clone library; defined as aligned sequences with !97.0% similarity). including rare members. However, the slope of the curve created for the GW sample slightly levels off, indicating that the most predominant bacterial groups were likely identified (Figure 4(a) ). PD curves show a similar trend of increasing diversity with additional sampling (Figure 4(b) ).
Both patterns indicate a less diverse community with closely related taxa in the GW samples as compared with SW samples.
Comparative analysis of bacterial communities
The resulting nMDS ordination plot highlighted marked bacterial community differences, revealing a noticeable variability of the bacterial core communities in the bulk water between GW and SW samples ( Figure 5 ). The clustering of samples in the plot was further confirmed by one-way ANOSIM (Global R ¼ 0.258, p < 0.0001). Twelve (out of 324) phylotypes explained ≈65% of the dissimilarity (SIMPER analysis, p < 0.05) within both service areas ( Figure 5 ). Overall, the GCWW distribution system is mainly composed of two dominant phylotypes, a Mycobacterium related species (29%) and Rhizobiales (18%) a member of the α-Proteobacteria phylum ( Figure 6 ). Statistical analysis indicated no significant contribution by these two dominant phylotypes in the ordination of samples (METASTATS, p < 0.05). Rather, it is the populations associated with the core phylotypes representing 10 to 1% of their respective communities that significantly contribute to the differences between both service areas (METASTATS, p < 0.05) ( Figure 5 and Table 3 ).
The assemblage of a particular microbial community structure may be explained via three primary factors: (1) the inhabitant community in the water source, (2) the subsequent treatment processes, and (3) of harboring different microbial communities at different service areas within the same DWDS. These results demonstrate the importance of selecting multiple sampling sites when describing the overall bacterial community structure of distribution systems and when studying factors that may impact the survival/persistence of microorganisms of public health relevance (i.e., pathogens and nitrifiers) as well as those involved in processes that compromise the integrity of the DWDS pipes (i.e., corrosion). The frequency at which sampling should be performed to represent seasonal trends must also be addressed to develop comprehensive sampling protocols.
Bacterial taxonomic identification
Similar to this study, the classes Actinobacteria and α-Pro- and total chlorine (0.7 ppm and 1.0 ppm, respectively), levels very similar to the water collected during this study (Table 1 ).
The ability of nontuberculous mycobacteria to resist disinfectants has also been described by Bardouniotis et al. () that have yet to be cultured, suggesting that many bacteria have specific growth requirements that have not been met by present microbiological media formulations.
